Current schizophrenia (SCZ) treatments fail to treat the broad range of manifestations associated with this devastating disorder. Thus, new translational models that reproduce the core pathological features are urgently needed to facilitate novel drug discovery efforts. Here, we report findings from the first comprehensive label-free liquid-mass spectrometry proteomic-and proton nuclear magnetic resonance-based metabonomic profiling of the rat frontal cortex after chronic phencyclidine (PCP) intervention, which induces SCZ-like symptoms. The findings were compared with results from a proteomic profiling of post-mortem prefrontal cortex from SCZ patients and with relevant findings in the literature. Through this approach, we identified proteomic alterations in glutamate-mediated Ca 2 þ signaling (Ca 2 þ /calmodulin-dependent protein kinase II, PPP3CA, and VISL1), mitochondrial function (GOT2 and PKLR), and cytoskeletal remodeling (ARP3). Metabonomic profiling revealed changes in the levels of glutamate, glutamine, glycine, pyruvate, and the Ca 2 þ regulator taurine. Effects on similar pathways were also identified in the prefrontal cortex tissue from human SCZ subjects. The discovery of similar but not identical proteomic and metabonomic alterations in the chronic PCP rat model and human brain indicates that this model recapitulates only some of the molecular alterations of the disease. This knowledge may be helpful in understanding mechanisms underlying psychosis, which, in turn, can facilitate improved therapy and drug discovery for SCZ and other psychiatric diseases. Most importantly, these molecular findings suggest that the combined use of multiple models may be required for more effective translation to studies of human SCZ.
INTRODUCTION
Schizophrenia (SCZ) is a chronic mental disorder that affects up to 1% of the population worldwide. It is widely accepted that it is not a single disease entity, but represents the symptomatic manifestations of diverse etiologies. The underlying causes are still not fully understood, resulting in only partial success with early diagnosis and no novel drug entities discovered over the past decade. The latter effect results from the lack of preclinical models, which accurately reflect the underlying pathologies (Sarnyai et al, 2011) . In particular, modeling SCZ in animals is made difficult by the poor translation of behavioral readouts to the diverse, nonspecific symptoms of the human disease. This may also be because of the fact that such behavioral measures are subjective and they do not strictly correspond to the actual symptoms in humans. Successful translational research requires animal models that can recapitulate disease-associated mechanisms at the molecular level and thereby model the disease in an empirical manner. Ideally, behavioral and molecular signals should be modeled in parallel.
The most frequently used models for SCZ research and drug discovery include those involving phencyclidine (PCP) treatment of rodents. PCP treatment of rodents over both acute (Ernst et al, 2012; Neill et al, 2010) and chronic (Hashimoto et al, 2005; Marquis et al, 2003; Murai et al, 2007; Qiao et al, 2001 ) intervals is thought to induce a psychosis-like state through blockade of N-methyl-Daspartate (NMDA) receptor activity, which results in altered levels of glutamate and increased dopamine. Alterations in glutamatergic and dopaminergic neuronal transmission in the stratium and frontal cortex have been implicated in the etiology of human SCZ, and the model was derived from observations of acute psychotomimetic effects of PCP in healthy humans and exacerbation of symptoms in chronic SCZ patients (Lahti et al, 1995; Mouri et al, 2007a) . In rodents, enduring behavioral abnormalities similar to those seen in SCZ have been noted after chronic PCP (cPCP) administration, including hyperactivity, decreased social interaction, decreased motivation, and impaired cognitive function (Hashimoto et al, 2005; Marquis et al, 2003; Murai et al, 2007; Qiao et al, 2001) . At the neuroanatomical level, altered prefrontal dendritic spine density (Hajszan et al, 2006) and shrunken neuronal morphology (Ellison and Switzer, 1993) have also been observed, reflecting aspects of the etiology of human SCZ (Keshavan et al, 2008) . Therefore, a better understanding of these central nervous system effects at the molecular level would have the potential to increase the utility of this model for drug discovery through the identification of companion biomarkers and novel targets.
With this objective, we have carried out the first systematic investigation of the molecular changes, which occur in the frontal cortex of the cPCP rat model using a combination of proteomic and metabonomic profiling approaches. Our primary objective was to determine how many of these molecular changes were also evident in post-mortem frontal cortex tissue from SCZ patients to evaluate the translational validity of the model.
MATERIALS AND METHODS

Animal Handling and Treatment
Adult male Sprague-Dawley rats (200-300 g; Charles River, Margate, UK) were housed in groups of four under standard laboratory conditions with food (Harlan UK, Bicester, UK) and water available ad libitum. All experiments were conducted during the light cycle and were in full compliance with the Home Office Guidance (UK Animals Scientific Procedures Act 1986) and ethical policies of the Home Office. After a 10-day adaptation period, rats were given a daily subcutaneous dose of vehicle (0.9% sterile saline) or PCP HCl (5 mg/ml) for 15 consecutive days. All animals were killed by decapitation 2 h after the last injection and frontal cortices were dissected on ice and frozen immediately in liquid nitrogen, as described previously (Ma et al, 2009) .
Behavioral Experiments
To assess locomotor activity and stereotypy, saline-and PCP-treated rats were placed into an IR Actimeter System (Panlab, Barcelona, Spain) after the last injection (day 15). The rats were given a 1-min habituation period before locomotion and stereotypy recordings were performed. These assessments were taken every 10 min post injection for 90 min. Locomotion was recorded using an automated locomotion activity chamber (Ernst et al, 2012) and stereotypy was rated based on the scale of (Sturgeon et al, 1979) .
Human Post-Mortem Brain Samples
Post-mortem dorsolateral prefrontal cortex (DLPFC; Brodmann area 9, n ¼ 20) samples were obtained from the Stanley Medical Research Institute (Bethesda, MD). The average fluphenazine mg equivalent was used as an indicator of cumulative lifetime antipsychotic dose and this showed that the patients had received an average low medication rate (Supplementary Table 1) . No significant differences were found in secondary axis diagnosis of alcohol abuse/dependency and drug abuse/dependency between patients and controls (Fisher's exact test). Also, the sample groups were matched for post-mortem interval, brain pH, age of death, and gender. Tissues were sectioned (approximately 70 mg, 15 mm slices) using a Leica Cryostat (Milton Keynes, UK), collected into prechilled lysing matrix D tubes (MP Biomedicals, Cambridge, UK) and stored at À 80 1C until use.
Metabonomics 1 H-nuclear magnetic resonance spectroscopy profiling. Rat frontal cortex tissues (30 mg) were homogenized in 1 ml acetonitrile:deionized water (1 : 1), as described in Chan et al (2011) and centrifuged at 4800 g for 10 min after 0.5 ml 3 : 1 (v/v) chloroform/deuterated-methanol was added. The aqueous phases was collected and dried overnight, for complete evaporation of acetronitrile, and freeze dried at 70 1C. Samples were reconstituted in 700 ml of deuterium oxide (D 2 O) containing 1 mM trimethylsilyl propanoate (TSP). D 2 O provides a deuterium field frequency lock for the nuclear magnetic resonance (NMR) spectrometer, whereas TSP provides an internal chemical shift. All extractions were performed under blind and randomized conditions.
Rat tissue extracts were transferred into 5-mm diameter NMR tubes and loaded onto a Bruker AV600 spectrometer (Bruker Avance, Bruker GmBH, Rheinstetten, Germany) and spectrally acquired using the first increment of the Nuclear Overhauser Enhancement Spectroscopy (NOESY) pulse sequence (RD, p/2 À t 1 -p/2-t m -p/2-Acq; TR ¼ 3 s) as described previously (Chan et al, 2011; Lan et al, 2009 ). Chemometric modeling of 1 H-NMR data was performed as described (Chan et al, 2011) . Full resolution spectra were analyzed using projection to latent structure discriminant analysis (PLS-DA) and orthogonal (O)-PLS-DA (SIMCA P v.12; Umetrics AB, Umea, Sweden) to identify molecules that were present at different levels between PCP-treated and control rats. Data were modeled using MATLAB v.6.5 (The Mathworks, Natick, MA) and scripts proprietary to Imperial College (London, UK). All experiments were performed under blind and randomized conditions. Pyruvate assays. Tissues were extracted in 4 ml of buffer (BioVision Pyruvate Assay Kit; Biovision, Milpitas, CA)/mg tissue and the resulting homogenate was filtered using 3 kDa cutoff Amicon ultraspin columns (Merck Millipore, Billerica, MA) for 30 min at 14 000 g. Pyruvate activity was measured according to the manufacturer's instructions.
in Chan et al (2011) and Ma et al (2009) , or using differential centrifugation combined with anion exchange chromatography (B). An experimental workflow is shown in Supplementary Figure 1 .
For method B, the tissue was coarsely sectioned and homogenized through sonication (two times for 5 s) in a 1 : 10 tissue : volume ratio of 5 mM Tris-HCl, containing 300 mM sucrose, 0.1 mM EDTA, Complete Mini proteaseand phosphatase inhibitor (Roche, Burgess Hill, UK). The homogenate was centrifuged for 15 min at 1000 g and the supernatant retained. The pellet was re-extracted with 500 ml of the same buffer and supernatants pooled and clarified by brief centrifugation (soluble fraction). The pellet was suspended in 20 mM Tris-HCl (containing 1% Triton X-100 and 0.1 mM EDTA), and incubated for 3 h at 4 1C in an orbital shaker. The samples were centrifuged for 30 min at 13 300 g and the resulting supernatants retained (membrane fraction). The samples were next subjected to strong anion exchange chromatography using a 4-250 mm ProPac SAX-10 column. (Dionex, Camberley, UK). Cytosolic fraction samples were injected in buffer A (H 2 O þ 20 mM Tris-HCl, pH 8.5) using the Famos autosampler (LC-Packings; Dionex, Camberley, UK). A gradient was applied as follows using the split-flow Ultimate LC (LC-Packings; Dionex): 100% A/0% B (H 2 O þ 2 M NaCl) for 16 min, linear gradient to 27% B in 9 min; maintain 27% A for 15 min, linear gradient to 48% B in 7 min, maintain at 48% B for 15 min; and return to initial conditions for 15 min. A single fraction was collected after 26.5 min for 1 min using the Probot (LC-Packings; Dionex) fraction collector. The sample was precipitated using 4 : 1 volumes ice-cold acetone : sample and the resulting pellets were suspended in 50 ml 50 mM NH 4 HCO 3 (pH 8.0). The nonfractioned membrane protein fraction was suspended in 50 ml of 50 mM NH 4 HCO 3 (pH 8.0) containing 0.1% AALS1 Progenta Anionic Acid Labile Surfactant (ProteaBiosciences, Nimes, France). Sulfhydryl groups on proteins were reduced by incubation with 5 mM DTT at 60 1C for 30 min and alkylated by incubation in the dark at 37 1C for 30 min with 10 mM iodoacetamide. Proteolysis was performed using porcine trypsin (1 : 50, trypsin : protein; Promega, Madison, WI) for 16 h at 37 1C and stopped by the addition of 8.8 M HCl to a final concentration of 0.2 M.
Liquid chromatography and mass spectrometry analysis. Samples were analyzed individually in three technical replicates using splitless nano-ultra-performance liquid chromatography (LC) (10 kpsi nanoAcquity; Waters Corporation, Milford, MA) coupled online trough a New Objective nanoESI emitter (7 cm length, 10-mm tip; New Objective, Woburn, MA) to a Waters Q-TOF Premier mass spectrometer and data were acquired in expression mode (MS E ). The procedure, quality assessment, and data processing were performed as described previously (Ernst et al, 2012) . LC-MS E data were processed using the ProteinLynx Global Server (PLGS) v.2.4. (Waters Corporation) and Rosetta Elucidator v.3.3. (Rosetta Biosoftware, Seattle, WA) for time and mass/ charge alignment of mass spectrometer data as described in Krishnamurthy et al (2012) . The Rattus norvegicus and the Homo sapiens complete proteome fasta sequence Integr8 database were used for the assignment of protein identities. Modifications considered were carbamidomethylation of cysteines, oxidation of methionine, and phosphorylation of tyrosine, threonine, and serine. Only peptides that were present in at least two of the three replicates, present in all of the samples of each treatment group, were considered for further analysis. Quantitative peptide measurements for each replicate were normalized against the total ion volume of all deconvoluted spectra. Replicates were averaged and ratios of protein abundance for each protein were calculated based on the sum of peptides. Only proteins identified by X2 peptides were considered for further analyses. Significance of protein expression differences was determined using the non-parametric Wilcoxon's signed-rank test.
Results
Effect of cPCP Administration on Rat Locomotor Activity and Stereotypic Movement
To confirm that PCP injection induced the standard increase in locomotor activity and stereotypic movement, these parameters were measured in adult rats after the 15-day treatment period. PCP-treated rats had significantly higher locomotor activity compared with saline-treated rats over the 90-min test period (two-way ANOVA, P-value ¼ 0.0001). In addition, the PCP-treated rats showed significantly higher stereotypic behavior. The peak stereotypic separation was seen within the first 30 min following the last PCP treatment and diminished after this time ( Figure 1 ).
Metabonomics
PLS-DA analysis following 1 H-NMR spectroscopy analysis revealed differences in the metabolic profiles ((Q 2 cum(0.62)) in frontal cortices from PCP-treated and control rats and OPLS-DA analysis identified metabolites responsible for the differences between the treatments. This identified alterations in glutamate, glutamine, glycine, choline, and taurine levels ( Figure 2 ). These differences were quantified and verified by manual integration of spectra (only regions showing resonances of single metabolites were considered). In addition to the 1 H-NMR profiling analyses, we measured the levels of pyruvate using a commercial assay. This analysis identified decreased levels of pyruvate in response PCP treatment. This is consistent with the finding of decreased pyruvate kinase levels in the same frontal cortex tissue, as determined by the proteomic phase of the study.
Quantitative LC-MS E Proteomic Profiling of Rat Frontal Cortex
Subcellular fractions prepared from frontal cortices from two independent biological cohorts of PCP-treated rats were analyzed by label-free LC-MS E analysis. Because of the datadependent nature of quantitative proteomic analyses with potential shortcomings of limited sensitivity and poor reproducibility of target selection, we used two identically treated rat cohorts to demonstrate replication of the findings. Different fractionation techniques were used in an attempt to minimize technical bias and to increase the total number of proteins identified. LC-MS E analysis resulted in the identification of 843 proteins for method A, of which 32 proteins showed significant differences in abundance in the comparison of PCP-and vehicle-treated rats. Likewise, the use of method B resulted in the identification a total of 1180 total proteins, and 45 of these showed significant differences in abundance between the treatment groups (Supplementary Tables 2 and 3 . In an attempt to increase the validity of these findings, we used a ranking system, which selected proteins that showed significant differences in abundance (po0.01), those which were replicated in both cohorts, or in cases where multiple components of the same protein or protein complex showed parallel changes (Table 1) . Changes in the PCP rat model were linked to literature of previous proteomic or transcriptomic analyses of SCZ brain tissues (Table 1) . These included, Ca 2 þ -activated proteins and sensors such as Ca 2 þ /calmodulin-dependent protein kinase II (CAMK2), calcineurin A and the visinin-like protein (VSNL1), the cytoskeletal regulator actin-related protein (ARP3) and the metabolic proteins pyruvate kinase (PKLR) and aspartate aminotransferase (GOT2). The levels of the subunits of CAMK2 (CAMK2A, CAMK2B) were correlated significantly (Supplementary Figure 2) .
In addition, we used a ranked product method (Breitling et al, 2004) to identify proteins, which were altered reproducibly across the two independent sample sets. This approach selected the proteins that are altered with significance across both cohorts. Using this method, 11 significantly changing proteins were detected in the membrane fractions and 3 in the cytosolic fractions (po0.05). Specifically, increased levels of proteins involved in glutamate signaling were identified, such as the vesicular glutamate 
PLS-DA coefficient plot shows significantly different metabonomic profiles for PCP-and vehicle-treated
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Neuropsychopharmacology transporter 1 (SLC17A7) and the mitochondrial glutamate carrier 2 (SLC25A18) ( Table 1 : product ranking column).
Quantitative LC-MS E Proteomic Profiling of Post-Mortem DLPFC from SCZ Patients
We used an identical label-free LC-MS E approach as described above (via method A) for the analysis of postmortem DLPFC samples from 10 chronic SCZ patients and 10 matched controls. This resulted in the identification of 1920 proteins, of which 53 were differentially expressed (Supplementary Table 4 ). Table 1 lists the proteins that were altered using the same cutoff criteria as used in the analysis of the PCP-treated rats. This revealed changes in P5C dehydrogenase (ALDH4A1), heat-shock-related 70 kDa protein 2 (HSPA3), and the two calcium-related proteins, VSNL1 and neurcocalcin-delta (NCALD), in the cytosolic fraction. Analysis of the membrane protein-enriched fraction resulted in the identification of changes in myristoylated alanine-rich C-kinase substrate (MARCKS), peroxiredoxin 6 (PRDX6), and HLA-class histocompability complex (HLAA). Increased levels of guanine nucleotidebinding protein b-4 (GNB4) were identified in both fractions.
Pathway Analysis
The accession codes for the differentially expressed proteins in brain tissues from the PCP rat model and human SCZ patients were uploaded into the Ingenuity Pathways Knowledge Base (IPKB) to identify significant interaction networks and biological pathways associated with the data. Global pathway analysis of the entire list of differentially expressed proteins showed that the most significant function associated with the altered proteins were 'polarization of neurons' in the case of the PCP rat model and 'efflux of dopamine' for the human SCZ samples (see Table 2 ). In addition, proteins associated with 'elongation of neurites', 'outgrowth of axons', and 'development of dendrites' were identified in the case of the rat PCP model, 'organization of cytoskeleton filaments' were found for the human SCZ samples, and changes in 'long-term potentation' was identified in both the rat and human studies. Alterations in 'glutamate metabolism' were identified in the frontal cortex tissue from both the PCP rats and SCZ patients, as shown by changes in SLC17A7 and SLC25A18. This was consistent with the results of the 1 H-NMR profiling analysis above, which indicated changes in glutamate and glutamine. The most significant network associated with the altered proteins contained Ca 2 þ signaling proteins and included Ca 2 þ channels as hub proteins for the PCP rat and human samples.
Discussion
Currently, there is only a limited understanding of the disease mechanisms of SCZ. Animal models have proven useful for modeling certain aspects of the disease process, such as neurotransmitter alterations, but so far most studies have focused only on the associated behavioral changes in these models, which cannot easily be translated to human studies of the disease. This is the first study that has carried out an extensive molecular profiling analysis of brain tissue from the PCP rat model of schizophrenia, which has been used widely in drug development studies. The novelty of the current approach included the combined application of 1 H-NMR profiling, allowing the investigation of small molecules in conjunction with comprehensive LC-MS E analyses of the proteomic profiles. In addition, we associated the proteomic findings with changes identified in similar analyses of the frontal cortex tissue from chronic SCZ patients in an attempt to identify potential translation points.
We first established that the PCP treatment resulted in stimulation of locomotion and stereotypical movements, the standard behavioral readouts of this model. This provided face validity for the model as used in this study. Next, molecular profiling of brain tissue of PCP rats and human SCZ showed that the main alterations involved effects on Ca 2 þ signaling and potential downstream effects on cytoskeletal (Mattson, 1992; Ramakers et al, 2001 ) and metabolic processes (Gellerich et al, 2012) . Ca 2 þ signaling in excitatory neurons is known to be mediated by glutamate receptors and is responsible for regulating a large number of functions such as information processing and changes in synaptic plasticity that underlie learning and memory (Berridge, 1998) . Remodeling of the Ca 2 þ signaling system, to maintain phenotypic stability, has been implicated in the etiology of SCZ, bipolar disorder, and Alzheimer's disease (Braunewell, 2005) .
From the combined metabonomic, proteomic, and in silico pathway findings, we have constructed a molecular model of PCP-induced SCZ-like symptomatology summarizing our findings (Figure 3) . The disturbed spatiotemporal properties of the Ca 2 þ influx lead to functional changes via direct and indirect downstream effector systems (eg, chromatin and cytoskeletal remodeling, protein synthesis, and gene transcription; Berridge, 1998) , as found in the proteomic and metabonomic profiling of the PCP rats in this study. Such changes might explain the abnormal neural activity and cognitive, emotional, and behavioral dysfunction seen in human SCZ.
In line with this, we found parallel decreases in the levels of three Ca 2 þ /calmodulin-dependent protein kinase subunits (CAMK2A, CAMK2B, and CAMK2D) in the frontal cortex from the PCP-injected rats analyzed in this study. The CAMK family regulates a range of processes associated with synaptic plasticity and cognition, including long-term potentiation (Fink and Meyer, 2002; Yamauchi, 2005) , and has been associated previously with SCZ (Novak et al, 2006) and PCP treatment (Mouri et al, 2007b) . We also found that subunits of the multifunctional calcium-dependent serine/ threonine phosphatase calcineurin A were altered in the PCP rats. This family of proteins is also known to be involved in various aspects of synaptic plasticity (Baumgartel and Mansuy, 2012; Mulkey et al, 1994) . Calcineurin A has specific roles in regulating cross-talk between glutamate and dopamine signaling, including effects on dopamine-and cAMP-regulated neuronal phosphoprotein DARP32, which serves as a branch point between dopamine receptor 1 and NMDA receptor signaling pathways (Greengard et al, 1999) . Therefore, an alteration of calcineurin A is likely to have effects on both the negative and positive symptoms of SCZ as demonstrated in a previous preclinical study . This is the first report of changes in this protein in association with a PCP rat model. Although no alteration of calcineurin A was found in our initial proteomic screen of human DLPFC from SCZ patients and controls, pathway analysis revealed alterations in both dopaminergic and glutamatergic systems, which may be linked through the phosphorylation of DARP32 by this protein. Furthermore, the catalytic subunit of calcineurin, PPP3CC, has been implicated as an SCZ susceptibility gene . 
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Polarization of neurons 6.41*10 Overrepresented functions/pathways in the data set were identified by global pathway analysis using the IPKB software. All altered proteins in the model and the schizophrenic patients (po0.05) were used for network analysis based on criteria annotated in the IPKB database. The IPKB contains molecular information available in the scientific literature. Networks are generated algorithmically on the basis on the connectivity derived from molecular interaction information and scored according to the significant number of focus proteins. Furthermore biological functions were identified overlaying the significantly altered molecules onto predefined maps containing functional or pathway information of the IPKB database. Right-tailed Fisher's exact test was used to calculate p-values for the assigned pathways. Proteins are indicated by their gene names. Red and green symbols/text increased and decreased proteins, respectively.
We found that only one protein, VSNL1, was changed in common in the frontal cortex of the cPCP model and post-mortem DLPFC of chronic schizophrenic patients. However, this protein was decreased in the rodents and increased in the SCZ patients. This discrepancy could be due to species differences or it may result from the fact that all patients had suffered from chronic SCZ and most had been medicated with a relatively low dose of antipsychotics over this time, which could affect Ca 2 þ signaling pathways. VSNL1 transduces Ca 2 þ signals in the brain and interacts with the membrane where it binds to receptors in a Ca 2 þ -dependent manner (Wang et al, 2011) . Single-nucleotide polymorphisms in the VSNL1 gene have been linked to SCZ in association with cognitive impairment . Alterations in expression of this protein have also been linked to the morphological and functional deficits observed in SCZ (Hong et al, 2009 ). Previous post-mortem studies of brain tissue from SCZ patients and analyses of a ketamine-injected rodent model have shown a reduction in the numbers and staining intensity of VSNL1-positive pyramidal neurons (Bernstein et al, 2003; Bernstein et al, 2002) . These results have been confirmed by microarray and proteomic studies (Miklos and Maleszka, 2004; Vercauteren et al, 2007) . Consistent with the change in Figure 3 Model showing the proposed mechanisms underlying phencyclidine (PCP)-triggered psychosis. Green boxes: altered levels of molecules determined by proton nuclear magnetic resonance ( 1 H-NMR) and LC-MS E (liquid chromatography-mass spectrometry in expression mode) analyses. Orange boxes: altered pathways determined by in silico pathway analysis using the IPKB software. Decreased [Ca 2 þ ] levels induced by PCP treatment (blockade of N-methyl-D-aspartate (NMDA) receptors) leads to alterations of calmodulin-dependent protein kinase II (CAMK2) subunits, PPP3CC and Ca 2 þ sensors VSNL1 and neurcocalcin-delta (NCALD). Alterations in these proteins is thought to lead to cytoskeletal remodeling (ARP2/3) and changes in long-term potentiation, synaptic transmission, and endocytosis (Berridge, 2012) . The disturbed intracellular Ca 2 þ levels (regulated by taurine via voltagedependent Ca 2 þ channels and ionotropic glutamate receptors (Bulley and Shen, 2010 ) affect the energy metabolism via modulating glycolytic and tricarboxylic acid (TCA) kinase activities and changes in amino-acid metabolism (Bak et al, 2006; Hajnoczky et al, 1995; Hansford, 1994; Jouaville et al, 1999; McCormack et al, 1990) . Morphological and energy balance changes might ultimately lead to an abnormal neural activity.
VSNL1 levels in the PCP rats and human SCZ analyses, we also found that the visinin-like protein NCALD was altered in DLPFC from SCZ patients. NCALD, also known as VSNL3, is a high-affinity Ca 2 þ sensor that has been found to interact with cytoskeletal proteins (Paterlini et al, 2000) .
In SCZ, evidence for brain mitochondrial dysfunction has been reported, including findings of impaired brain energy metabolism, developmental deviations, abnormal neurotransmission, and connectivity (Manji et al, 2012; Rosenfeld et al, 2011) , along with mitochondrial hypoplasia, oxidative phosphorylation system imbalance, and altered mitochondrial protein expression (Karry et al, 2004; Prabakaran et al, 2004) . Consistent with these reports, we detected alterations of several subunits of the electron transport chain complex I in the frontal cortex tissue from PCP-treated rats (NDUFA9, NDUFS3, NDUFV1, and NDUFV2). These alterations might be caused by regulatory effects of the Ca 2 þ signaling on the mitochondrial system (Cali et al, 2012) . Calcium stimulates the activity of two Ca 2 þ -sensitive tricarboxylic acid cycle (TCA) dehydrogenases, the pyruvate dehydrogenase (Hansford, 1994; McCormack et al, 1990) , and enhances electron flow and ATP production through the electron transport chain (Bak et al, 2006; Hajnoczky et al, 1995; Jouaville et al, 1999) . The identified mitochondrial abnormalities might lead to abnormal neuronal metabolism, function, plasticity, and brain circuitry (Albensi et al, 2000; Calabresi et al, 2001; Weeber et al, 2002) , which are likely to result in the behavioral and cognitive dysfunctions observed in cPCP animal models. Providing a further link to mitochondrial dysfunction, we identified decreased levels of pyruvate kinase and we validated this finding at the functional level using pyruvate assay. Altered pyruvate levels were identified in a recent global metabolic profiling study involving 112 schizophrenic patients and 110 healthy subjects, and this was then used in a potential novel diagnostic panel for SCZ (Yang et al, 2013) . In addition, converging evidence suggests that malfunction of energy supply through the brain glycolytic and TCA cycles is a causative factor of SCZ (Hazlett et al, 2004; Olsen et al, 2008) . We also identified decreased levels of the anaplerotic enzyme GOT2 (also known as aspartate aminotransferase) in brains from the PCP-treated rats. This is consistent with our findings of decreased glutamine and glutamate levels, considering the role of this protein in the glutamate/ glutamine shuttle in neurons and astrocytes (Owen et al, 2002) . Decreased glutamate levels have previously been described in the prefrontal cortex of SCZ patients (Tsai et al, 1995) and increased glutamine levels were found in a metabonomic profiling performed with the same sample cohort used in this study (Chan et al, 2011) . A previous study showed that PCP injection resulted in a decrease of glutamate release in the frontal cortex of wild-type mice (Li et al, 2010) . We also identified changes in the levels of glycine and taurine. The findings of reduced levels of glutamate and glycine replicated recent metabonomic findings in the frontal cortex tissue of similar PCP-treated rats ( (Bustillo et al, 2012) . Taurine is known to be involved in the reduction of glutamate-induced Ca 2 þ accumulation (Chen et al, 2001) and other studies have shown a reciprocal regulation of taurine and glutamate response via Ca 2 þ / calmodulin-dependent pathways in neurons (Bulley and Shen, 2010 ).
There are some limitations to this study, which suggest that further work may be required to establish the translatability of the cPCP rat model for SCZ. First, the human brain analysis was comprised of only 10 SCZ and 10 control samples, which automatically confers low statistical power for the identification of differentially expressed molecules. This problem could be compounded by the heterogeneous nature of complex disorders such as SCZ. Reflecting only a small sample set of the underlying disease population, this could lead to false negatives, and thus the pathways altered could be misrepresented. Furthermore, this could result in inconsistent changes compared with the PCP model. Another shortcoming is that the employed approaches focus on global changes of the frontal cortex metabolite and proteome composition, although the frontal cortex is a hetereogeneous structure comprised of different subpopulations of brain cells. As it is possible that only specific cell types or specific loci are affected, this could lead to a dilution of the magnitude of the changes. Therefore, further studies are warranted, which use techniques such as laser capture microscopy for profiling of more specific regions, although the availability of high-quality postmortem materials from psychiatric patients remains a limiting factor. Finally, as with most studies of animal models or post-mortem brain tissues, it is not possible to conclude whether the observed molecular changes are causative factors or the result of an adaptive response. In the case of the rat model, these changes could result from the pharmacological response to PCP injection without necessarily reflecting the changes seen in drug-naive SCZ patients. Likewise, the changes seen in the post-mortem SCZ samples could be because of the chronic disease state or even a result of other confounding factors such as different antipsychotic treatment regimens that each patient underwent in their lifetime. However, this study attempted to account for such factors by correlation analysis.
Conclusions
This study highlights the utility of subproteome and metabonome profiling approaches for the molecular characterization of translational animal models for psychiatric disorders. The results of the parallel profiling studies of the cPCP rat model and human SCZ brain tissues, as carried out here, might help to understand pathological mechanisms underlying SCZ and to identify novel functional pathways and potential new drug targets. This in turn could support innovative drug discovery and development for SCZ and other related psychiatric disorders. Both proteomic and metabonomic findings demonstrate a small degree of overlapping changes in brain tissue from the cPCP rat model and SCZ patients. This suggests that only some aspects of the complex SCZ pathophysiology are recapitulated in the PCP rat model. It remains unclear how closely these changes are associated with the SCZ symptomatology, as many aspects of this cannot be evaluated in rodent models (eg, the presence of psychotic phenomena). We suggest that a combination of animal models and other novel cellular systems may yield more relevant information and help to represent more aspects of the human disease.
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